Purpose. The aim of this study was to evaluate the in vitro and ex vivo biofilm-forming ability of dermatophytes on a nail fragment.
INTRODUCTION
Dermatophytes are highly interrelated filamentous keratinophilic and keratinolytic fungi, encompassing three genera, Trichophyton spp., Microsporum spp. and Epidermophyton spp., which have adapted through a long evolutionary process to colonize and invade the keratinized tissues of animals and humans [1] . Depending on the source of the keratin consumed by dermatophytes, they can be ecologically classified as geophilic, zoophilic and anthropophilic. Geophilic dermatophytes mainly obtain nutritional resources from decomposing keratinous materials in soil, such as hairs, feathers, hooves and horns. On the other hand, zoophilic and anthropophilic dermatophytes are adapted to animal and human hosts, respectively [2] . Moreover, dermatophytes are the most common aetiological agents of superficial mycoses and anthropophilic species are implicated in most of human infections [1, 2] . Species belonging to the three genera are frequently associated with clinical diseases through the development of intrinsic and extrinsic characteristics, such as virulence factors and repeated encounters with susceptible hosts [1, 2] .
Over the past decades, it has been shown that many fungi have the ability to form biofilms, in a similar way to that described for bacteria [3] . Biofilms are formed by microbial communities adhered to biotic or abiotic surfaces involved in an exopolymeric matrix. This structure creates more favourable conditions for fungal survival in the environment and within the host, providing protection against environmental stressors, host immune system and antimicrobial compounds, hence aiding the process of host colonization and infection [4] . Based on these characteristics, biofilmforming ability is considered an important virulence factor for fungi [3] and, although most studies on fungal biofilms involve yeasts, it is known that dimorphic and filamentous fungi are also capable of forming such structures [5] [6] [7] [8] .
The first description of the role of biofilms in dermatophytosis, by Burkhart et al. [9] , suggests that dermatophytes are capable of forming biofilms in vivo. This biofilm-forming ability can explain the presence of live fungal elements, such as hyphae and arthroconidia, strongly adhered to the nail plate in cases of dermatophytoma, making them resistant to traditional therapies and more difficult to remove surgically. Recent studies have shown that some anthropophilic dermatophyte species have an in vitro biofilm-forming ability [10, 11] . Thus, it is of particular interest to understand the biofilm-forming ability of dermatophytes in ex vivo models, using keratin substrates to observe the interaction between fungus and host tissues in a scenario closer to the in vivo condition.
Thus, this study aimed to evaluate the biofilm-forming ability of dermatophytes, and the morphology and architecture of these biofilms formed in vitro and ex vivo on Thermanox coverslips and nail fragments, respectively.
METHODS

Fungal strains
Twenty-six clinical strains (15 of human origin and 11 of animal origin) were used in this research, which were isolated from a variety of specimens, including skin, nail and hair collected from humans and animals, sent by physicians and veterinarians to the Federal University of Cear a (UFC) and the State University of Cear a (UECE), due to the clinical suspicion of dermatophytosis, as shown in Table 1 . All strains were grown on Sabouraud dextrose agar 2 % (DifcoDickinson) with chloramphenicol 0.1 % and Mycosel agar (Difco-Dickinson) at 28 C, for 7-15 days. The identification of strains was based on the observation of macro-and microscopic morphological characteristics of colonies, according to De Hoog et al. [12] .
Nail fragments
Healthy nail fragments donated by a member of the staff were cut into pieces of about 0.5 cm and washed with distilled water to remove all dirt and debris. Before storage, the nails were autoclaved at 121 C for 15 min to remove any surface contaminants that might affect the tests. They were then kept in sealed tubes at room temperature until use.
Biofilm formation
Fungal inoculum Fungal inocula were prepared from cultures grown on potato dextrose agar (Difco; Becton-Dickinson) or oatmeal agar for Trichophyton rubrum, at 28 C, after 7-15 days of growth. The cultures were covered with 5 ml of sterile saline and then sterile swabs were passed on the surface of the colonies. The resulting mixture of conidia and hyphal fragments was transferred to sterile tubes and allowed to settle for 5 min at 28 C for sedimentation of the hyphae. Conidium suspensions were transferred to new sterile tubes. The inocula were adjusted to a turbidity of 0.5 on the McFarland scale, with approximately 2-6Â10 6 c.f.u. ml À1 , counted in a haemocytometer. Subsequently, the inoculum was diluted with sterile saline to a concentration of 1Â10 6 c.f.u. ml
À1
, required for biofilm formation in in vitro and in ex vivo models [10] .
In vitro biofilm formation assay Biofilm formation in microtitre plates was performed using the method described by Costa-Orlandi et al. [10] . All strains were grown on potato dextrose agar (Difco; BectonDickinson), except T. rubrum, which was grown on oatmeal agar, and incubated at 28 C for 7-15 days. Inocula were prepared as described above and adjusted to reach a final concentration of 1Â10 6 c.f.u. ml À1 on the plate.
Quantification of mature biofilm biomass formed in vitro by crystal violet staining The biomass quantification was assessed according to the method described by Cordeiro et al. [13] . Twenty-six strains of dermatophytes belonging to different species were used, as shown in Table 1 . Biofilms were formed by adding 200 µl of the inoculum to a 96-well plate (Kartel). After 3 h of preadhesion, the wells containing the adherent cells were washed with 200 µl of sterile saline, and then 200 µl of RPMI medium (Sigma) was added to each well. Then the plate was incubated at 37 C for 72 h, without shaking, to allow biofilm maturation. Afterwards, RPMI medium was removed and each well containing the adherent cells was washed twice with sterile saline. After drying at 28 C, the biofilms were fixed with 200 µl of 100 % methanol (Dynamics Contemporary Chemistry) and the wells were then stained with 200 µl of 0.5 % crystal violet solution, for 20 min. The wells were washed twice with sterile saline and the stain was removed from the biofilms by adding 200 µl of 33 % acetic acid solution (CAQ-House of Chemistry). The acetic acid solution was carefully homogenized with a pipette, until complete dissolution of crystal violet (~1 min). Finally, the solution from each well was transferred to a new 96-well plate and the wells were read with a plate reader at a wavelength of 630 nm to assess biofilm-forming ability. Fungal-free sterility control and Candida albicans ATCC 10231, as positive control for biofilm formation, were included in each plate. The optical density (OD) values of sterility control wells were used as reference to establish the cutoff (OD C ) OD for biofilm formation, which was defined as three standard deviations above the mean OD of the sterility control, at 630 nm. The strains were classified as described by Cordeiro et al. [13] as non-producer (OD OD C ), weak producer (OD C <OD 2 Â OD C ), moderate producer (2ÂOD C <OD 4 Â OD C ) or strong producer (4ÂOD C <OD). The results are representative of three independent experiments performed in triplicate.
Ex vivo biofilm-formation assay
For this test, five strong biofilm-producer strains were used, one for each species, according to the classification criteria described in the previous section. At first, 2 ml of bacteriological agar (Difco; Becton-Dickinson) was distributed in each well of a 24-well plate (TPP) and solidified at 28 C. Subsequently, the sterile nail fragments were added to the wells containing the bacteriological agar, followed by the addition of 100 µl of inoculum at 10 6 c.f.u. ml
À1
. The plate was incubated at 37 C for 21 days, leading to the appearance of lesions defined according to Chabasse [1] . Periodically, the agar was moisturized by adding 50 µl of sterile saline solution to each well containing the nail fragments.
Microscopic analysis of the biofilms
Three microscopic techniques were used to evaluate the formed biofilms: optical microscopy, confocal microscopy and scanning electron microscopy (SEM). Optical microscopy was used for the visualization of the extracellular matrix, confocal microscopy for quantitative analysis of biofilm and SEM for visualization and analysis of the threedimensional architecture of the biofilms, according to the methods described by Castelo-Branco et al. [14] and de Aguiar Cordeiro et al. [15] . All tests were performed in triplicate.
Biofilms were formed on Thermanox coverslips (Thermo Fisher Scientific) for the three microscopic analyses. For such, biofilm formation was carried out as previously described, but the volume of the fungal inoculum was adjusted to 1000 µl, as 24-well plates (TPP) containing previously sterilized Thermanox coverslips were used. The plate was then incubated without agitation, at 37 C, for 3 h for cell pre-adhesion. After this period, the supernatant was carefully removed and the wells were washed three times with sterile saline to remove non-adherent cells. Then, 1000 µl RPMI 1640 medium (Sigma) was added to the wells containing cells attached to the coverslips and the plate was incubated at 37 C for 72 h to obtain mature biofilms.
The extracellular matrix was detected using the qualitative method described by Castelo-Branco et al. [14] , using Congo red dye to detect polysaccharides, a major constituent of the extracellular matrix of biofilms. After biofilm formation on the coverslips for 72 h in 24-well plates, the medium was removed and the biofilm in each well was washed twice with sterile saline and fixed with 500 µl of cetylpyridinium chloride (10 mM) (Sigma-Aldrich) for 30 s. After removal of the fixation solution, the coverslips were dried at a temperature of 28 C for 30 min and stained with 500 µl of a 2 : 1 mixture (v/v) of Congo red (Sigma-Aldrich) and 10 % Tween 80 saturated solution (ISOFAR) for 15 min. The wells were washed twice with sterile saline to remove excess dye and then the coverslips were stained with 10 % carbol fuchsin for 6 min. The contents were removed and biofilms were rinsed with sterile saline. After drying at 28 C, the coverslips were observed with an Olympus BX41 optical microscope and photographed with an Olympus DP71 digital camera.
For confocal microscopic analysis, biofilms were formed on the coverslips and nail fragments and processed according to the method described by Castelo-Branco et al. [14] . Biofilms were washed with sterile saline and covered with aliquots of fluorescent LIVE/DEAD dye (Invitrogen). After 30 min, the coverslips and nail fragments were observed with a Nikon C2 confocal microscope at 488 nm for the detection of SYTO9 dye, which identifies live cells, and 561 nm for detection of propidium iodide, which identifies dead or damaged cells. For the analysis, three-dimensional images were acquired from five equidistant points of the biofilms grown on the coverslips in order to obtain representative results for the samples, and the confocal analyses were performed in quintuplicate using the COMSTAT2 tool associated with the ImageJ 1.50i software [16, 17] to quantify roughness coefficient, total biomass, average thickness and surface-to-volume ratio of the biofilms.
For the structural analysis by SEM, biofilms formed on coverslips and nail fragments were processed according to the method described by de Aguiar Cordeiro et al. [15] . Biofilms were fixed with 500 µl of 2.5 % glutaraldehyde (SigmaAldrich) in cacodylate buffer (0.15 M) (Electron Microscopy Sciences) with alcian blue (0.1 %) (Sigma-Aldrich) at 4 C, overnight. Then biofilms were washed with cacodylate buffer twice, followed by dehydration with ethanol in ascending concentrations (50, 70, 80, 95 and 100 % ethanol), 10 min at each concentration, repeated twice, and drying for 30 min at 28 C. After drying, biofilms were further dehydrated with hexamethyldisilazane (Sigma) for 30 min and air dried overnight. Coverslips and nail fragments containing biofilm were covered with 10 nm of gold (Emitech Q150T) and observed with a Quanta FEG 450 scanning electron microscope under high vacuum at 20 kV. The images were processed by using Photoshop CC5 software (Adobe).
Statistical analysis
For comparative analysis of intra-and interspecies absorbance data, the nonparametric Kruskal-Wallis test was used followed by Dunn's post hoc test for comparison between pairs. For species comparation, considering the data of Trichophyton mentagrophytes, T. rubrum and Microsporum gypseum, ANOVA was used followed by the Bonferroni multiple comparison test. In all cases, the maximum significance level adopted for affirmative findings was 5 %.
RESULTS
The biofilms were quantified after 72 h of incubation by crystal violet staining assay to measure the total biomass attached to the 96-well plates. According to the biomass values, 24 of the 26 strains of dermatophytes evaluated in this study were able to produce biofilms in vitro and only two Microsporum canis strains did not produce biofilms. The strains were classified as non-producers (2/26), weak producers (7/26), moderate producers (1/26) and strong producers (16/26), as shown in Table 1 . Among the analysed species, M. gypseum, T. rubrum and Trichophyton tonsurans were stronger biofilm-producers than T. mentagrophytes and M. canis, yielding higher biomass values, through crystal violet staining assay. Moreover, when anthropophilic, zoophilic or geophilic species are grouped, it was observed that biofilms of the geophilic species M. gypseum yielded higher crystal violet biomass staining results than those of the anthropophilic species (T. rubrum and T. tonsurans) and both groups produced more biomass than the zoophilic species M. canis and T. mentagrophytes (P<0.05). In addition, significant intra-and interspecific variability in biofilm-forming ability was observed, despite the clinical specimen and the host from which strains were recovered (P<0.05).
After 72 h of incubation, biofilms grown on Thermanox coverslips were submitted to microscopic analyses, through optical, confocal and scanning electron microscopic techniques (Figs 1 and S1 ). Concerning the optical microscopic analysis, biofilms grown on coverslips were stained by using the Congo red technique, which revealed abundant mycelial growth, with branched hyphae growing in multiple directions and macroconidia (M. canis and M. gypseum), surrounded by a polysaccharide-rich extracellular matrix, which is stained pink by Congo red, confirming biofilm formation [ Fig. 1a(i)-e(i) ].
Regarding the quantitative analysis of the biofilm threedimensional architecture on the coverslips and nail fragments, the confocal microscopy images [ Fig. 1a (ii)-e(ii), a(iii)-e(iii)], analysed by using the COMSTAT2 tool, revealed important differences in the surface topography and threedimensional architecture of biofilms in the two models. The biofilms showed highly variable architecture, with M. canis showing significantly lower values for the assessed parameters, i.e. roughness coefficient, total biomass, average thickness and surface-to-volume ratio, in both biofilm models, when compared to the other dermatophyte species (P<0.05). However, no significant differences were found for these paramaters between the other species of dermatophytes on a coverslip. On the other hand, T. rubrum presented higher biomass values (P<0.05) than those of the other tested species when its biofilms were grown on a nail fragment. Table 2 shows the results of the biofilm quantitative analyses for each species.
SEM with its large depth of focus provided three-dimensional images of biofilms on the surface of coverslips and nail fragments, allowing a better assessment of the fungal structures. Regarding the biofilms formed on coverslips, after 72 h of incubation, even though the images have clearly different arrangements, all biofilms showed hyphae projected in several directions, presenting extracellular matrix in the areas between the hyphae and giving a more structured appearance to the biofilms [ Fig. 1a(iv)-e(iv) ]. Furthermore, T. rubrum, T. tonsurans and M. gypseum [ Fig. 1b(iv)-d(iv) ] produced noticeably more robust biofilms than T. mentagrophytes and M. canis [ Fig. 1a(iv) , e (iv)] with branched hyphae forming a mycelial network, firmly attached to the coverslips. The SEM images also showed that the biofilms formed by T. rubrum and M. gypseum contaied more abundant extracellular matrices when compared to the other species [ Fig. 1b(iv), c(iv) ]. Moreover, in the obtained images, these species exhibited similar architecture, with roughened surfaces and well-structured channels, surrounded by compacted hyphae. In the biofilms formed by T. tonsurans and T. mentagrophytes, microconidia were attached to the hyphae, which presented welldefined septa [ Fig. 1d(iv) , e(iv))]. M. canis, under the same conditions, presented little biomass, i.e. hyphae and extracellular matrix [ Fig. 1a(iv) ].
Concerning biofilm formation on nail fragments, after 3 weeks of incubation, massive fungal growth was observed on some parts of the surface of the nail. A large part of the nail surface was replaced completely by fungal elements with a surrounding extracellular polymeric matrix, which is characteristic of biofilms [ Fig. 1a(v)-e(v) ].
DISCUSSION
This study demonstrated that, in addition to T. rubrum and T. mentagrophytes, the dermatophyte species most isolated in the world [18] , other species of medical interest, such as
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Trichophyton mentagrophytes T. tonsurans, M. gypseum and M. canis, form biofilms in in vitro and ex vivo models. Only two strains did not form biofilms in vitro, demonstrating the high rate of biofilm formation by dermatophytes. In this study, the biofilm formation results obtained through crystal violet staining quantification of the biomass of the species T. rubrum and T. mentagrophytes corroborate the findings of Costa-Orlandi et al. [10] , who reported that T. rubrum was able to form biofilms with greater amount of biomass than T. mentagrophytes. It is important to note that, in the present study, M. gypseum, a geophilic species, and T. tonsurans and T. rubrum, anthropophilic species [19] , showed the strongest biofilm-forming ability.
Moreover, when biofilms grown on coverslips were structurally analysed through confocal microscopy, the obtained data were more homogenous than those obtained by crystal violet staining and only differed for M. canis, which presented significantly lower values for all analysed parameters (roughness coefficient, surface-to-volume ratio, average thickness and biomass) than the other dermatophyte species. However, when biofilms were grown on a nail fragment, T. rubrum stood out for presenting significantly higher biomass values than the other analysed species, while M. canis continued to have the lowest values for all analysed parameters. These high biomass values observed for T. rubrum biofilms on nail fragments may be associated with an abundant hyphal network surrounded by the exopolymeric matrix, which can provide resistance to the biofilm and restrict the spread of substances and antimicrobial agents and physically protect cells from components of the immune system [20] [21] [22] . In this context, the ability to form biofilms may explain the difficulty in treating T. rubrum infections, as seen in cases of chronic nail infections [23, 24] .
This difference in biofilm-forming ability between species, observed by the crystal violet quantification of biomass and confocal microscopy, was sustained by the images provided by SEM, which revealed that M. gypseum, T. rubrum and T. tonsurans formed biofilms with a denser and more compact structure than the other evaluated species. Importantly, the obtained images demonstrated that T. rubrum formed biofilms with different morphology, based on the analysed parameters, showing a greater amount of biomass on a nail fragment, when compared to other dermatophytes. M. gypseum, a geophilic fungus implicated in cases of ringworm in humans [25] , also showed strong biofilm-forming ability. This ability to form biofilms may be an important factor for the survival of this saprophyte fungus in the environment. The M. canis strains evaluated in this study were mostly weak biofilm producers, with two non-biofilm producer strains and one moderate biofilm-producer. The probable reason for the difference in in vitro biofilm formation between different dermatophyte species may be related to differences in cell adhesion, including the adhering ability and the time required for irreversible adhesion to the substrate, which are influenced by surface properties [26] . Moreover, the amount and type of enzymes produced by the different species [27] and the ecological differences among dermatophytes may also influence the interspecific differences in biofilm-forming ability.
Studies using in vitro and ex vivo models have shown that the adhesion of microconidia and arthroconidia to keratinocytes is quantitatively different for some species of the genera Trichophyton and Microsporum and it is time-dependent [26, 28] . Like other micro-organisms, the adhesion of dermatophytes is mediated by adhesion interactions with host receptors and by proteases [27] .
In the second phase of this study, the biofilm-forming ability was evaluated using an ex vivo model on human nail fragments, since onychomycosis, which is an infection of the nail caused by fungi, is commonly caused by dermatophytes [29] . The use of an ex vivo model, half-way between in vitro and in vivo, in which tissues or organs are extracted from an organism and placed in an artificial environment for further analysis and experimentation [30] , can improve the understanding of several aspects of the microbial pathophysiology [31] . As previously stated, confocal microscopic analyses revealed that T. rubrum biofilms on nail fragments presented higher biomass values than those of the other tested species. Interestingly, T. rubrum is one of the most common agents associated with human dermatophytosis, especially onychomycosis [17] . This finding may be associated with the anthropophilic characteristic of T. rubrum [25] ; hence, its strong ability to form biofilms on nail fragments may be a result of its higher adaptability to human hosts, when compared to the other analysed species.
The images provided by SEM allowed observing that the nail plate was severely damaged by hyphae, which seemed to pierce and penetrate the surface layers of the nail. These findings support partly the observations reported by Burkhart et al. [9] , in the case of dermatophytoma, where the fungal elements were firmly attached to the nail plate, but were not involved in the extracellular matrix. In this study, an extracellular matrix involving fungal structures was observed on nail surface, a characteristic feature of biofilms. The possible association of biofilm formation with nail dermatophytic lesions may explain the difficulty in treating them, and hence the persistence of infection in cases of dermatophytic onychomycosis [29] .
The five species included in the study belong to three distinct ecological groups. The results presented here showed that the two anthropophilic species, T. rubrum and T. tonsurans, and the geophilic species M. gypseum, are strong biofilm producers, whose biofilms share similar structural characteristics, such as abundant extracellular matrix, biomass thickness and clearly defined channels. The same was not true in the case of the two zoophilic species, T. mentagrophytes and M. canis, which are ecologically related and showed a weaker biofilm-forming ability, especially M. canis, with a smaller amount of extracellular matrix and less robust biofilms, as visualized by the microscopic techniques.
In conclusion, the results demonstrated that all evaluated dermatophyte species were able to adhere to inert surfaces and nail fragments, forming biofilms with different densities and architectures. The biofilm-forming ability of dermatophytes seems to be associated not only with species-specific factors, as shown by the lower biofilm-forming ability of M. canis, regardless of the model used for biofilm formation, but also with the type of surface, as shown by T. rubrum, which presented a more robust biofilm in ex vivo assays on a human nail model than in in vitro assays on a coverslip.
